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INTRODUCTION 
A great deal of recent evidence has indicated a relationship between calcification in the 
coronary arteries and coronary heart disease [1-4]. Methods such as spiral cr [5], electron 
beam CT [6,7], digital subtraction fluoroscopy [8], and intravascular ultrasound [9,10] 
have been used to detect this "indicator" calcification, either directly in the coronaries or 
in indicator arteries such as the brachials, carotids, or illiacs [II]. The nonzero threshold 
for CT detection of calcium (2 mm2 [12]) produces a high negative predictive value for 
greater than 50% stenosis but relatively low positive predictive value [13]. Conventional 
ultrasound, even intra-arterial, has low sensitivity and specificity for calcification but good 
sensitivity for intimal thickening [14]. Recent histologic studies in vessels which have 
not been decalcified have shown the ubiquitous presence of calcification in the plaque, 
the media and the fibrous regions of diseased arteries and not normal arteries [15]. These 
results indicate a place for a noninvasive method of detecting early calcification which 
could be used as a preventive medicine guide for at-risk individuals as mentioned by 
Loecker et al. [16]. The acoustic emission imaging and spectra methods described below 
are candidates for such noninvasive methods. 
Most previous work has concentrated on multidimensional imaging of morphology, 
anatomy, and function directed at persons with relatively advanced disease. We now 
concentrate on developing imaging approaches for noninvasive preclinical diagnosis to 
enhance primary prevention approaches to the atherosclerotic disease. 
The mechanical response of objects to external forces is of considerable interest 
in medical diagnosis. An applied force is often used to produce displacement from 
which elastic constants, like spring constants, can be determined. In resonant ultrasound 
spectroscopy, an ultrasound source and a detector are used to measure the resonance 
frequencies of a sample with known size and mass. The resonances are related to 
mechanical parameters including the elastic constants of the material [17]. The use of 
elasticity for biophysical measurements has been well reviewed by Sarvazyan et al. [18]. 
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In 1982 Wilson and Robinson [19] described simple ultrasound means for measuring 
cardiac induced tissue motion. Recently, an MRI method (called Magnetic Resonance 
Elastography or MRE) for quantitatively measuring displacement of tissues in response to 
externally applied cyclic forces has been reported by Muthupillai et al. [20]. The method 
resulted in high-resolution images of the shear modulus of normal and pathologic tissues 
and obtained a sensitivity of about 0.1 mm. Others have used ultrasound to measure tissue 
displacement associated with externally applied compressive and cyclic forces [21]. 
Acoustic radiation force is the time averaged force exerted by an acoustic field on 
an object. This force is an example of a universal phenomenon in any wave motion 
that introduces some type of unidirectional force on absorbing or reflecting targets in 
the wave path. 
Study of radiation force and radiation pressure dates back nearly one century, to the 
time of Rayleigh [22]. Since then, this subject has been under continuous investigation. 
A historical review of radiation force and radiation pressure is presented in [23], and a 
critical review of the subject can be found in [24]. Some recent analyses of radiation 
force/pressure in attenuating medium, which may be applicable to biological tissues, are 
presented in [25] and [26]. 
Theory 
Radiation force is generated by a change in the energy density of an incident acoustic 
field. Consider a collimated ultrasound beam interacting with an object of arbitrary shape 
and boundary impedance that scatters and absorbs. The radiation force vector, F, arising 
from this interaction has a component in the beam direction and another transverse to it. 
The magnitude of this force, is proportional to the average energy density of the incident 
wave (E), where () represents the time average, and the projected area of the object, B, 
as shown in the following relationship [27]: 
IWII = IdrIB(E}, (I) 
where dr is the complex drag coefficient, which is a function of the scattering and 
absorbing properties of the object. The drag coefficient due to radiation pressure is a 
dimensionless quantity, defined for unit energy density of the incident wave, and may be 
written in terms of the total power scattered as [27]: 
(2) 
where IIa and II. are the total absorbed and scattered powers, respectively, and'Y is the 
scattered intensity, all expressed per unit incident intensity. O:s is the angle between the 
incident and scattered intensities, and dB is the area element. If the scattering object has 
an axis of symmetry coinciding with the incident beam axis, dr is real. For simplicity 
in our treatment, we assume a planar object normal to the beam axis, hence, the drag 
coefficient is real and the force has only a normal component to the object surface, which 
we denote by scalar F. 
Now consider the incident (ultrasonic) pressure field, p(t), to be amplitude modulated: 
p(t) = PWQ cos (.6wt/2) cos wot (3) 
where PWQ ' .6w/2, and wo are the pressure amplitude, modulating frequency, and the 
center frequency, respectively. In our present analysis and experiments, we assume that 
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the condition b.w < < Wo holds. In such case, the energy density of the incident field 
has slow variations in time. To discriminate the slow time variations of a function, let us 
define the short time average of an arbitrary function ~(t) over the interval of T seconds 
at time instance t, as 
t+T/2 
(~(t)}y = ~ J ~(T)dT, (4) 
t-T/2 
which is a function of t. The long time average (or simply, the time average) is obtained 
by setting T = 00. To apply this definition to the energy density of the incident field, 
we consider 27r/wo « T « 27r/b.w. Under this condition, the short time average of 
p2(t) can be shown to be: 
(5) 
We are interested in the time-varying component of the energy density. Denoting this 
component by eAW(t), we can write: 
( ) P;o eAw t = --2 cos b.wt, 
4pc (6) 
where p and c are the density and propagation speed in the medium. This component of 
the energy density produces a time varying radiation force, fAw(t), on the target (Eq. I): 
( ) P;o JAw t = --2 Sdr cos b.wt. 4pc (7) 
The amplitude representation of this force, denoted by FAw , is conveniently written as: 
(8) 
METHODS 
Transducer Arrangement 
Ultrasound beams can be constructed in a variety of ways for this purpose. We used 
two coaxial, confocal transducer elements of a spherically focused annular array (consisting 
of a central disc and an outer annulus) driven by two CW signals at slightly different 
frequencies Wl and W2 (Figure I). This method has been termed Ultrasound-stimulated 
Vibro-acoustography [28]. 
RESULTS 
In vivo Images of Porcine Femoral Artery 
A 15 kg female pig was scanned using the ultrasound stimulated emission method. 
A two axis scan was made using a 45 mm diameter, 3 MHz confocal transducer with a 
central disc and an outer annulus. The two elements were driven with two different rf 
frequencies at about 3.0 MHz separated by 35 kHz. The stimulated acoustic emission 
was detected with a hydrophone placed on the lateral aspect of the right leg. To validate 
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Figure 1 Experimental system for ultrasound stimulated acoustic spectrography. The 
system employs a two-element confocal ultrasound annular array transducer, consisting 
of a center disc and an outer ring. The elements are driven by two CW sources, at 
frequencies equal to WI and W2 = WI + b.w, where these frequencies are very close to 
the central frequency of the elements, and b.w is much smaller than «I %) the center 
frequency of the ultrasound transducer. The region of interest is placed at the joint focal 
point, and interrogated point-by-point by raster scanning. The sound field resulting from 
object vibrations at each position is received by a hydrophone and recorded. The recorded 
signal at one or more difference frequencies is used to form an image of the object. The 
experiments are conducted in a water tank. Transducer center frequency is 3 MHz, outer 
diameter 45 mm and is focused at 70 mm. 
Figure 2 Ultrasound-stimulated vibro-acoustograms of femoral artery of pig before (right) 
and after (left) injection of contrast. 
the position of the artery, a separate scan was done while contrast material was injected 
into the ear vein of the animal over a period of approximately one minute during the five 
minute scan. The resulting images are shown in Figure 2. 
The left ultrasound-stimulated vibro-acoustogram shows the femoral artery (arrow) 
crossing the thigh region of the pig. The curved region at the left is the edge of a sheet 
of rubber at the bottom of the container which served as a water seal and was cut open 
over the region of the artery. The right ultrasound-stimulated vibro-acoustogram is a 
repeat scan under identical conditions of the left image, except that contrast material was 
injected into the ear vein of the pig beginning 15 lines from the top of the image and 
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lasting for approximately 30 lines. Unfortunately, the pig moved about two-thirds of the 
way through the scan, but the random strong acoustic emission produced by the contrast 
material can be seen in the lumen of the artery. These images indicate that normal arteries 
can be imaged with this method. 
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